Abstract--Raman and Fourier-transformed infrared spectra of natural trioctahedral chlorites of polytype IIb were obtained for a series of samples characterized by distinct Fe/(Fe + Mg) and Si/Al ratios ranging, respectively, from 0.04 to 0.94 and from 5.18 to 1.86. All samples were characterized by X-ray powder diffraction, and quantitative electron microprobe analysis. In the 3683-3610-cm -~ spectral range, the wave number of the OH-stretching band from the 2: l layer (band I) decreased with an increase of iron content at constant Al(IV) content. The more intense bands II and III at about 3600 cm l and 3500 cm -1, were assigned to hydroxyl groups involved in hydrogen bonds: (SiSi)O... HO, with the hydrogen bonds being roughly perpendicular to the basal plane, and (SiA1)O... HO, respectively. At higher tetrahedral A1 and octahedral Fe contents, spectra exhibited OH-bands II and III, respectively, at a lower frequency. Band III intensity increased and band II was enlarged for chlorites displaying higher AI(IV) contents.
INTRODUCTION
Chlorites are ubiquitous phyllosilicates found in sedimentary, metamorphic, and hydrothermal environments. Their chemical compositions, especially the Si/ A1 and Fe/(Fe + Mg) ratios, are a function of the physical-chemical conditions of crystallization (Cathelineau and Nieva, 1985; Walshe, 1986; Cathelineau, 1988; Chernovsky et al., 1988; Laird, 1988) . Trioctahedral chlorites have been poorly studied by spectroscopic techniques. Most of the available data concern infrared (IR) absorption spectroscopy, and some correlations between vibrational bands and chemical composition have been made (Tuddenham and Lyon, 1959; Stubican and Roy, 1961; Hayashi and Oinuma, 1965; Oinuma and Hayashi, 1968; Farmer, 1974; Shirozu and Nomoi, 1972; Shirozu et al., 1975; Shirozu, 1980 Shirozu, , 1985 . Most of these studies, however, are not complete and fail to take into account all solid solutions. In addition, no studies have been made by Raman spectroscopy. The interpretation and assignment of the different spectral bands has been based on the general model of phyllosilicates defined from IR spectra (Farmer, 1974; Ishii et aL, 1967) . Indeed, the poor knowledge of symmetry sites and of molecular groups in single crystals does not allow the accurate use of the molecular hypothesis (Poulet and Mathieu, 1970) . Vibrational modes of the crystal, however, can be assigned to a first approximation to fundamental vibrations of tetrahedral and octahedral units and OHgroups.
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The aim of this paper is to report basic Raman spectroscopic data of these minerals and to depict changes occurring in the spectra as a function of the Si-A1 and Fe-Mg substitutions. Such Raman data will help in the use of micro-Raman techniques for quick characterization oftrioctahedral chlorites at the micrometer scale. Such a technique will be useful for the study of small crystals, which are common in sedimentary and diagenetic environments. EXPERIMENTAL X-ray powder diffraction (XRD) patterns were made on a SIGMA 2080 instrument (Jobin Yvon) using CuK~ radiation on powders and orientated crystals. Chemical compositions were determined with a CAMEBAX automatic electron microprobe at Nancy I University using the following analytical conditions: 15-kV acceleration voltage, 6-s counting time, 6-nA excitation current; correction program ZAF Cor 2. The following minerals were used as standards: corundum (A1), albite (Na, Si), hematite (Fe), apatite (Ca), orthoclase (K), forsterite (Mg), rutile (Ti), and rhodonite (Mn). The maximum analytical error was 3% of the total.
IR spectra were recorded on a Mattson Cygnus-100 FT-IR spectrometer. Samples were prepared in KBr pellets and Nujol films for the 4000-400-cm -~ and 80-600-cm-i spectral ranges, respectively. Raman spectra were recorded on an X-Y device from DILOR company using a 700-intensified photodiode-array multichannel detector. The foremonochromator was used 1 
II
in the substractive mode to remove the exciting radiations; the dispersion of the different radiations resuited only from the spectrograph. The exciting radiation of 488.0 or 514.5 nm was provided by an Ar § laser (2020-05 model from Spectraphysics). The range of spectral resolution was about 4 cm -1. Polished chlorite monocrystals (P1, P2, P3, and B5) were analyzed in the back-scattering geometry with the laser perpendicular or parallel to the (001) basal planes both in the macroscopic and microscopic modes. Spectra of cryptocrystalline samples (P4, P6, B7, and B8) were only obtained with the microscope.
SAMPLE DESCRIPTION
Eight samples were chosen for describing the Si-R 3+ (mostly A1) tetrahedral substitution and Fe-Mg octahedral substitutions. Samples were kindly provided by the Museum National d'Histoire Naturelle de Paris (P) and the Mus~e d'Histoire Naturelle de Bern (B). Sample numbers from Paris and Bern Museums and their origins are given in Table 1 . Samples P1, P2, P3, and B5 are well-crystallized large crystals (> 1 mm), whereas samples P4, P6, B7, and B8 are small (<0.5 ram) crystal assemblages and were therefore extracted by classical techniques.
Structural parameters are given in Table 1 . XRD of orientated agregates showed all samples to be polytype lib. The structural formulae given in Table 2 were calculated on the basis of 14 oxygens. All the Si was assigned to the tetrahedral sheet, and the number of tetrahedral atoms per formula was then completed to 4 with AI. The remaining AI was assigned to the octahedral sites, along with Mg and Fe. Fe was assumed to be divalent. Major compositional features of studied chlorites are depicted (Figure la) in the Fe/(Fe + Mg) vs. Si diagram (Foster, 1962) . The good correlation between Fe and Mg indicates that Fe and Mg substituted mutually in the R 2 § site (Figure lb) . Therefore, the Fe 3 § content was probably only a very small proportion of the total Fe content, which supports the assumption about the chosen Fe valence.
RESULTS AND DISCUSSION
All data are given in Table 3 . Stretching vibrations of hydroxyl groups give rise to intense bands in IR and Raman spectroscopic bands in the 3400-3700-cm -~ spectral range (Figures 2 and 3) . The spectra show significant differences of wave number, intensity, and shape with composition (Figures 2--4) . Three groups of bands were identified that are characteristic of trioctahedral chlorites.
Bands in the 3683-3610-cm -1 spectral range
In the 3683-3610-cm -1 spectral range a relatively weak band (band I) was observed in the IR spectra, which was more intense in the Raman spectra. The frequency of this band was close to that found for talc and was assigned to the stretching of OH groups from the 2:1 layer (Serratosa and Vinas, 1964; Oinuma, 1965, 1967; Prieto et aL, 1990) . The dependence of the frequency of this band on crystal chemistry is more clearly shown by the Raman spectra, in which band overlapping is less important than in IR spectra. Correlations with d(001), AI TM, and Fe contents are given in Figure 4 . The wavenumber of this band does not vary significantly from samples P1 to P3, all of which have the same iron content. In contrast, an increase in iron content with roughly constant A1TM is accompanied by a significant decrease in wavenumber. Therefore, this band appears to be controlled mainly by the bulk iron content. The large wavenumber of this band indicates that the hydroxyl group is not involved in hydrogen bonds. As all hydroxyl groups from the interlayer are involved in hydrogen bonds, band I was therefore assigned to hydroxyl groups from the octahedral sheet (Prieto et al., 1990) . The intensity of band I clearly depended on the orientation of the electric field E of the laser. The spectra in Figure 5 show that the intensity of band I with E parallel to the (001) plane is higher than with E perpendicular to (001) planes. Therefore, these hydroxyl groups lie at a shallow angle close to the basal planes. The Si-AI substitution at constant iron was accompanied by the appearance of a new Raman band at 3640 cm -~ in sample P3 ( Figure  5 ). It was assigned to stretching of OH bonded to octahedral AI, which compensates the charge deficit of the tetrahedral sheet. The Fe-Mg substitution at roughly constant Si-A1 was accompanied by both a shift towards low frequency and a widening of the bands. These results confirm the hypothesis of Farmer (1974) , that band frequency is dependent on the amount of Mg substitution.
Bands in the 3630-3380-cm 1 spectral range
The two bands (band II and III) were more intense and had large widths at half height (about 150-200 cm-~). IR spectra showed a decrease in frequency of these bands for the Si-A1 substitution at constant Fe/ Mg and for the Fe-Mg substitution at constant Si/A1. Lower frequency bands, compared with band I, indi- cated that the corresponding hydroxyl groups were involved in hydrogen bonds. Band II was assigned to (SiSi)O.,. HO and band III to (SiAl)O... HO (Shirozu 1980 , 1985 . Z(X + Y, X + Y)Z and X + Y(Z, Z)X + Y micro-Raman spectra showed smaller inten- (cm-1 ) Figure 2 . Infrared spectra of stretching vibrations of hydroxyl groups in the 3000--4000-cm -~ spectral range obtained on the chlorite series.
sity of both bands II and III for the Mg-rich chlorites (samples P1, P2, and P3) than for the Fe-rich chlorites. Therefore, most of the hydrogen bonds associated with band II were roughly perpendicular to the basal plane. This was confirmed by polarization measurements on a macrosample in the back-scattering geometry (Prieto et al., 1990) . The increase of tetrahedral Al and octahedral Fe induced a shift of bands II and III towards low frequency with the increase of A1 Iv. As Al Iv increased, the intensity of band III increased and band II became broader (Figures 2 and 4 ) (Hayashi and Oinuma, 1965; Farmer, 1974; Shirozu, 1980) .
Bands in the 1300-50-cm -s spectral range
Vibrations of the tetrahedral layer of phyllosilicates may be considered as originating in the pseudohexagonal rings (T205) of the 2:1 layer having a maximum symmetry Cry (Ishii et al., 1967) . Normal vibrational Figure 3. Micro-Raman spectra of stretching vibrations of hydroxyl groups in the 3200-3800-cm H spectral range obtained on the chlorite series.
modes of this group were assigned to the following symmetry species: 2A1 + 3B1 + 1B z + 3E1 + 3E 2. A~, E~, and E2 are Raman active, whereas A~ and E, are IR active. Frequency calculations were reported available by Ishii et al. (1967 ), Vedder (1964 , and Pampuch and Ptak (1968) . Substitution of Si by A1 induced a loss of symmetry of T205 groups to Cs. In spite of this reduction of symmetry, the assumption of C6v symmetry is convenient for the assignment of the different bands observed in both spectroscopies (Figures 6 and  7) . IR spectra of all samples displayed four intense bands at 1090, 1050, 990, and 960 cm H. They were assigned to T-O stretching of symmetry species A~ and El. At Fe content of <0.01, the Si substitution by A1 (increase of A1 Iv) resulted in the overlapping of the different bands into an unresolved composite band at 990 cm H (Shirozu, 1985) . The bands at about 1080 cm -~ (samples B8 and, possibly, B7) were partly assigned to a slight quartz contamination, as shown by the doublet at about 780-798 cm H. The bands at 1040- 1090 cm-' were weak in the Raman spectra. The band at 1050 cm-' was strongly polarized and had a maximum intensity if the electric field of the laser was perpendicular to the basal planes [X + Y(Z, Z)X + Y]. Therefore, this band corresponds to the bonds between the apical oxygen and the tetrahedral cation. Its frequency shifted slightly towards lower values with increasing AP v (Figure 7) . The second type of band observed in both Raman and IR spectra was located at about 650--800 cm '. Hydrogen substitution by deuterium demonstrated that these bands contain a contribution of OH vibrations (Shirozu and Ishida, 1982; Shirozu, 1985) : the band at about 800 cm-' was assigned to one vibrational mode, and the band at 680 cm-' was assigned to another vibrational mode. The intensity of the 800-cm 1 Raman bands increased, shifted towards higher frequency, and split into several components with an increase in the Fe content of the samples, indicating a control by octahedral substitution. Raman spectra showed no dependence on the orientation, suggesting contribution of all OH in all the orientations. IR spectra showed less intense bands in the 800 cm ' region, except for sample B8, which was slightly contaminated by quartz.
Quartz contamination cannot account for the Raman spectra, inasmuch as the irradiated volume was small and controlled under the optical microscope.
The intense band in both the Raman and IR spectra at about 650 cm-' decreased in intensity as A1TM or Fe increased. In addition, this band split into two components ifFe/(Fe + Mg) > 0.5. Therefore this vibration was strongly dependent on the composition of the interlayer octahedral sheet. It was assigned to a combination of OH vibration and movements in the tetrahedral sheet (Ishii et aL, 1967; Shirozu and Ishida, 1982; Shirozu, 1985) .
In the 350-550-cm-' region, Raman spectra exhibited well-defined bands (Figure 8 ), whilst our IR spectra displayed relatively poor quality features. The intensity of the band at 550 cm -t was independent of the orientation in all the samples. The substitution of Si by A1 or the substitution of Mg by Fe induced a slight decrease in frequency and in width at half height. It was assigned to vibrations of T20~ groups of E21 symmetry.
Weak Raman bands were noted between 500 and 400 cm 1. Their intensity did not seem to depend on the orientation, but decreased as the Fe content in- (era-l) Figure 6 . Infrared spectra of chlorites in the 500-1500-cm -~ spectral range.
creased. They were assigned to a combination of vibration of ionic and molecular groups and corresponded to skeletal modes. The peak at 350 cm -1 in sample P1 (Figure 8 ) decreased strongly in intensity with the Si substitution by A1 (samples P2 and P3). In addition, the clear orientation dependence observed for sample P1 disappeared for Al-rich chlorite (samples P2 and P3). This band was assigned to internal movements of octahedral sheets. Such a band has also been found in talc (Blaha and Rosasco, 1978; Rosasco and Blaha, 1980) . A weak band at about 280 cm -~ was assigned by Ishii et al. (1967) and Shirozu (1985) to tetrahedral movements with the symmetry species E13. The peak at 200cm -1 was assigned to symmetric stretching of octahedra and showed an intensity dependence with the orientation in samples P1, P2, and P3. The intensit), of this band did not depend on A1-Si substitution, but was strongly dependent on the Fe-Mg substitution. It shifted towards high frequency with an increase of Al w. This band was very weak in the IR spectra, supporting the assignment to symmetric stretching of octahedra as confirmed by the Raman spectra of talc (Acosta et al., 1989) . Finally, spectra recorded in the two orientations showed the existence of two bands at about 100 cm -1. The peak at 105 cm -1 in sample P1 was assigned to octahedral movements. Its intensity with the electric field perpendicular to (001) 
SUMMARY
The wavenumber, intensity, and shape of both IR and Raman spectra of trioctahedral chlorites varied significantly with compositional changes. Thus, differences in site occupancy, which influenced the whole crystal structure have significant effects on the vibrational features, which were documented by IR and Raman spectroscopy.
The study showed that important changes occur in the 3683-3610-cm -1 spectral range as a function of chlorite composition; in particular, the wavenumber of the stretching band of OH groups from the 2:1 layer (band I) decreased with an increase of Fe content, at constant AI TM content. In addition, the intensity was clearly dependent on the orientation of the electric field E of the laser, indicating that these OH groups were lying close to the basal planes. The more intense bands II and III were assigned following Shirozu (1980 Shirozu ( , 1985 to hydroxyl groups involved in hydrogen bonds: (SiSi)O 9 HO, with the hydrogen bonds roughly perpendicular to the basal plane, and (SiA1)O ... HO, respectively. An increase oftetrahedral A1 and octahedral Fe was accompanied by a shift towards low frequency of bands II and III, whereas an AI TM was accompanied by an increase in the band III intensity and the band II widening.
In the 1300--50-cm -t spectral range, IR spectra ofaU samples displayed four intense bands at 1090, 1050, 990, and 960 cm -t, which were assigned to T-O stretching of symmetry species A~ and El. The second type of bands observed in both Raman and IR spectra were located at about 650-800 cm -~ and were assigned to OH vibrations. The intensity of the 800-cm -1 Raman bands increased, and the band shifted towards higher frequency and split into several components with an increase of Fe content. The IR band at about 650 cm -~ decreased in intensity as AI w or Fe increased, showing its strong dependence on the composition of the interlayer octahedral sheet.
This preliminary study of the vibrational spectroscopy of trioctahedral chlorites by Raman is a first attempt at the assessment of the compositional dependence of vibrations in phyllosilicate structures. As the chemical analysis of very thin chlorite monocrystals (<0.15 mm in thickness) is difficult by conventional methods, such as electron microprobe and XRD, both micro-IR and Raman spectroscopy will help their in situ characterization if samples are homogeneous. Such data will be very useful to the petrologists and mineralogists involved in the study of water-rock interactions occurring in hydrothermal or diagenetic systems.
